Among globally relevant combustion sources, such as diesel emission and biomass burning, gas flaring remains the most uncertain. In this study, small-scale turbulent gas flaring was used to characterize particulate emissions produced under different operating conditions, such as various burner diameters and exit velocities. The composition of the fuel was also varied by modifying the percentage of methane, ethane, propane, butane, N 2 , and CO 2 , which are the predominant constituents in the upstream oil and gas industry. A broad suite of physical, chemical, and microscopic techniques was employed for analysis, and scanning electron microscopy showed the generated soot agglomerates to be composed of primary spherules that were 30 ± 10 nm in diameter. Additionally, high-resolution transmission electron microscopy, used to determine the length, tortuosity, and separation of individual graphene fringes on the primary particles, revealed a fullerenic, multiple-nuclei internal structure. Single-particle analysis revealed the dominance of elemental carbon vs. oxidized and metal-contaminated particles, and infrared spectroscopy showed the presence of alkanes and aromatics with oxygenated compounds. Intercomparing the microstructure and the composition, we also concluded that the vast majority of particles are hydrophobic.
INTRODUCTION
Combustion emissions are an important source of radiatively and chemically active aerosols, affecting the earth's radiation energy balance, climate, and air quality. A large amount of air pollution is produced worldwide by annual burning of billions of tons of fossil fuel and biomass (Bond et al., 2013) . Globally, major sources of aerosols emissions in the atmosphere are residential wood burning (38%), transport sectors (26%), and wildfires (28%). Flaring and agricultural waste burning are thought to contribute less than 3% and 4%, respectively (Stohl et al., 2013) , while north of 60°N, biomass burning (58%) and flaring emissions (33%) are the most important sources. Recent efforts have sought to develop better flare black carbon inventories based on comprehensive simulation of air pollution in the Arctic (Huang et al., 2015) as well as consideration of globally varying flare gas heating values (Huang and Fu, 2016) . A global gas flaring black carbon emission rate dataset from 1994 to 2012 (Huang and Fu, 2016) was combined with emission factor data obtained at the laboratory scale (McEwen and Johnson, 2012) . Only a few recent studies have measured gas flare emissions in a real-world setting (Weyant et al., 2016; Conrad and Johnson, 2017; Gvakharia et al., 2017) and none have reported particle characteristics at microscopic level.
Carbonaceous aerosol nanostructure varies significantly depending on the burning practice, the combustion phase, and the fuel type. High-temperature incomplete combustion of hydrocarbon fuels produces soot agglomerates (Baumgardner et al., 2012) with a high surface-area to-mass ratio (Tumolva et al., 2010) . They are formed by the coagulation of primary particles originated from the decomposition of fuel precursors followed by mass growth at the flame (Wang, 2011) . Soot generated from overall lean (oxygen-rich) combustion and high temperatures are made of agglomerated primary particles with sizes between 10 and 30 nm (Sadezky et al., 2005) . The internal soot structure is defined by the size, shape, and organization of the graphene layers, observable as "fringes" using High Resolution Transmission Electron Microscopy (HRTEM) (Chen et al., 2005; Demirdjian et al., 2007) . The analysis of lattice fringes shows the impact of fuel composition and combustion temperature on the internal structure of elemental carbon, which can be defined as graphitic, fullerenic, or amorphous (Hays and Vander Wal, 2007; Trivanovic, 2019) . Soot produced by high-temperature combustion in burners, engines, and ovens show perturbed graphitic or turbostratic onion like structure (Clague et al., 1999) , which has a size of about 3 nm with interlayer distances of about 3.5 Å (Sadezky et al., 2005) .
The degree of order in the soot nanostructure can also be evaluated using a Raman spectroscopy (Rebelo et al., 2016; Baldelli and Rogak, 2019) . Morphological analysis demonstrates soot particles from different fuels exhibited different concentrations of amorphous carbon and structural defects (Chen et al., 2019) .
Scanning Electron Microscopy (SEM) coupled with Energy-dispersive X-ray (EDX) spectroscopy can be used to characterize the size, the morphology, and the composition of particulates (Chen et al., 2005; Popovicheva et al., 2012 Popovicheva et al., , 2015b . Besides carbonaceous material as a principal component of soot, inorganic species are generated in the form of salts or oxides in metal-bearing diesel particles, also derived due to the engine wear (Miller et al., 2007; Bladt et al., 2012) . Advanced single particle analyses reveal soot and fly ashes in the diesel engine exhaust in relation to fuel and lubrication oil composition (Popovicheva et al., 2014) . Okada and Hitzenberger (2001) differentiated carbonaceous aerosols with respect to their ability to uptake water into hygroscopic and water-insoluble particles, with and without water-soluble inclusions respectively. The influence of oxygen and sulfur concentrations on the ability of soot to uptake water is proposed as a method for categorizing the engine-generated individual particles . The fractionation of elemental composition into chain soot agglomerates, irregular internally mixed soot, and particles of mineral morphology has allowed the separation of particles as hydrophobic, hydrophilic, and hygroscopic.
According to the hydrogen-abstraction-carbon-addition (HACA) mechanism of soot formation, the role of aromatic radicals resulting from localized π-electron structures is in the particle nucleation and subsequent mass growth (Wang, 2011) . Aromatic radicals provide the strong binding forces for forming the six-membered benzenoid rings of polycyclic aromatic hydrocarbons (PAHs) of graphitic core. Nonaromatic (aliphatic) functionalities and reactive oxygencontaining sites may influence the surface growth and disorder the soot structure (Cain et al., 2010) . Oxygenated fragments could also undergo recombination and polymerization reactions to form larger macromolecular carbonaceous material, offering the second pathway for soot formation by biomass burning (Fitzpatrick et al., 2007) . Organic matter can be derived from either soot generation pathway from small molecules such as acetylene, or can be produced from unburned volatiles released from the fuel and adsorbed during the cooling and dispersion process (Ross et al., 2005) .
Functionalization of particles is attributed to various classes of organic oxygen, hydrogen, and nitrogencontaining compounds in laboratory-produced soot (Daly and Horn, 2009) and ambient aerosols (Coury and Dillner, 2009; Russell et al., 2011) . Soot extracted in the post-flame region contain significant amounts of aliphatic components relative to aromatics, as characterized by Fourier Transform Infrared (FTIR) spectroscopy (Cain et al., 2010) . Speciation of soot chemical composition is critical for understanding the atmospheric reactivity and hygroscopicity. Thus, aliphatic C-H groups affect heterogeneous processing allowing a sufficient quantity of hydrogen to be oxidized (Mawhinney and Yates, 2001) . A significant amount of carbonyl C=O groups can create hydrophilic surface for water uptake, hygroscopic growth, and cloud droplets nucleation (Gustafsson et al., 2005; Popovicheva et al., 2008a, b) .
Flares are used to burn excess flammable gases released during normal operating conditions or unplanned events in many industrial processes, such as oil-gas extraction, refineries, chemical plants, coal industry, and landfills (Fawole et al., 2016) . Flaring emissions in Northern Siberia take place directly within the major low-altitude pathway of air masses penetrating into the Arctic (Popovicheva et al., 2017a) and, thus, have a disproportionally large contribution into the Arctic lower troposphere.
Numerous studies have been conducted to analyze the nanostructure, morphology, and composition of soot particles produced by combustion of gaseous hydrocarbons, fossil fuel, and biomass burning in a variety of different flame setups (Cain et al., 2010) , in combustion chambers (Chen et al., 2004; Chakrabarty et al., 2006; Popovicheva et al., 2015d) and in engines at testing facilities (Popovicheva et al., 2017b) . However, despite the importance of flaring, a challenge arises when dealing with real-sized flares for fundamental studies because inherent difficulties in sampling from an unconfined, turbulent, inhomogeneous, and elevated plume (Johnson et al., 2010) . Moreover, the flame turbulence in diffusion flames is found to affect an emission factor (Sivathanu and Faeth, 1990) ; thus, variability in soot properties is likely.
A large lab-scale flare simulating the real-world conditions would help to clarify the soot properties. However, just a few studies are performed in laboratory-scale gas flares (Strosher, 2000; McEwen and Johnson, 2012; Conrad and Johnson, 2017) , which addressed black carbon and gaseous emissions. Such simulations are complicated also by the incredibly wide range of operating conditions (flare diameters, exit velocities, and fuel compositions) encountered in different applications.
This paper describes a fundamental study of properties of particulate emission produced by a turbulent diffusion flame operated at conditions applicable for gas flaring practices using a range of representative gas mixtures (N 2 , CO 2 , and C1-C4 hydrocarbons). In contrast to those studies that examine the properties of soot collected from different points within and above flames in order to assess the mechanism of soot formation (Fitzpatrick et al., 2007; Cain et al., 2010) , we aim to characterize emitted soot to assess its environmental impacts. Several analytical techniques including HRTEM, SEM-EDX, and Raman and FTIR spectroscopy are used to analyze the gas flaring soot microstructure and composition.
MATERIALS AND METHODS

Small-scale Gas Flare
Experiments were conducted in the Vertical Flare Facility in the Energy & Emissions Research Laboratory at Carleton University; this consists of a vertical turbulent jet-diffusion burner and hooded sampling system described in details elsewhere. The burner sits beneath a large (3.1 m included diameter) hexagonal exhaust hood that collects the entire exhaust plume and entrains dilution air into a steel duct that acted as a dilution tunnel in which the combustion products and entrained room air are drawn by the exhaust fan and mixed prior to being sampled. Two concentric perforated screens surround the flare to minimize the effects of room air currents while allowing air to freely entrain into the turbulent flame.
Fuels were mixed and delivered to the burner, and ejected from flare nozzles with exit diameters of 3.8, 5.1, and 7.6 cm, thus putting the combustion in the "turbulent-buoyant" regime. The exit velocity at standard conditions (0°C, 101.32 kPa) was varied from 0.5 to 1.5 m s -1 . The fuel flow rates were corrected accordingly for each burner size, which resulted in a range of flow rates from 60.8 to 246.3 L min -1 (standard liters per minute at 0°C and 101.325 kPa). More details on the burner are shown in Kazemimanesh et al. (2019) . Typical flares in Alberta, Canada (Johnson and Coderre, 2011) , have burner inner diameters and exit velocities of 7.62-25.4 cm and 0.1-6 m s -1 , respectively (McEwen and Johnson, 2012) . These scales are somewhat larger than the conditions encountered in the lab, but similarly fall into the "turbulent-buoyant" regime in Delichatsios (1993) . This research was focused on the quiescent wind conditions (i.e., zero cross-flow), which represents the "worst-case" scenario for soot production.
Gaseous fuel mixtures included the major chemical constituents of natural gases, methane (CH 4 ), ethane (C 2 H 6 ), propane (C 3 H 8 ), butane (C 4 H 10 ), nitrogen (N 2 ), and carbon dioxide (CO 2 ). The compositions of the tested gases mixtures, light ("L6"), medium ("M6"), and heavy ("H6"), are presented in Table 1 . Additionally, a mixture of 97.5% methane and 2.5% butane, "MB," was used. Hydrocarbons higher than C5 as well as He and H 2 were not included in the present test mixtures due to their generally lower concentrations in associated gas.
The three blends were created from the statistics of Alberta flare gas compositions. To create a light mixture, the 90 th percentile methane concentration was chosen as an upper bound, and the remaining fuel concentrations were based on their relative concentrations in the average fuel mixture (i.e., propane to ethane ratio, etc.). The heavy mixture was created in the same manner except that the 10 th percentile methane concentration was chosen as a lower bound. The heat of combustion estimated as an amount of the fuel burned at constant pressure and under standard conditions (0°C and 1 bar) per grams of fuel burned is characterized by Higher Heating Value (HHV), assuming that the heat contained in the water vapor is recovered. The gas mixtures presented in Table 1 are comparable to natural gas (34-45 MJ m -3 ).
Particle Sampling
Flames of height up to 3 m were produced. Combustion products and entrained room air entered a hood and were drawn into an insulated dilution tunnel, which was vented to the atmosphere with a speed-controlled exhaust fan. A portion of this flow was further diluted from 2 to 5 times and carried into a smaller dilution tunnel from which samples for individual instruments were taken (details in Kazemimanesh et al., 2019) .
The electrostatic precipitator (ESP) used was an ESPnano Model 100 (Dash Connector Technology, Inc.), which uses a high-voltage electrical field to simultaneously charge and collect airborne particles onto a substrate. The Thermophoretic Particle Sampler (TPS) developed at the University of British Columbia was used to collect samples. Both the ESP and TSP collected particles during 0.5-3 and 5-27 min of each burn, respectively. Collection flow rates were about 1.7 and 0.3 L min -1 , respectively. Differences in the collection times are due to the properties of different collectors. The TPS allows the deposition of soot aerosols on a small area of about 1 mm 2 . Using the same collection time, electrostatic deposition shows loadings dispersed over the whole sample area, increasing the background signal of the substrate in some characterization techniques. Particles were deposited onto titanium substrates as well as lacey formvar/carbon copper TEM grid (200 mesh; Product No. 01881; Ted Pella). Titanium was selected as it is Raman inactive and it generates a stable background for EDX experiments. Lacey TEM grids were used for HRTEM analysis. For bulk analyses (which required higher sample mass), particles were collected on quartz fiber filters (Pall Life Sciences) with 25 L min -1 flow for 5-15 min.
Particle Characterization Techniques Morphology
Particle samples from this study were analyzed by SEM, combined with single particle compositional analysis described later. For detailed description of soot aggregate morphology and internal structure, a FEI Tecnai G2 HRTEM was used. Magnifications of up to 700 k× were achieved with a point resolution of 0.27 nm and a flexible high tension (20, 40, 80, 120, 160, and 200 kV) . The images Table 1 . Hydrocarbon fuel mixtures used in present experiments based on typical flare compositions in Alberta, Canada (see Johnson and Coderre (2012) ) shown in mole fraction. The higher heating value (HHV) is shown for each mixture. were taken at approximately 500 k× with a tension of 300 kV. This system was also used to characterize the soot internal structure (below). In addition, primary particle size distributions and effective density were measured by other means, as reported in Kazemimanesh et al. (2019) .
Fuel
Internal Structure
Nine HRTEM images were studied: four M6 images, three L6 images, and two H6 images. To calculate the individual fringe length and tortuosity in soot nanostructure, the raw HRTEM images underwent a series of image processing steps resulting in a skeleton of graphene fringes, as described in Yehliu et al. (2011) . The fringe length is calculated by adding the length of pixels in a given fringe skeleton while the tortuosity is the ratio between the fringe length and the distance between the endpoints of the fringe. The image processing algorithm does allow for parameter changes that affect the resulting fringe skeleton. The same default image analysis parameters are used for all images. Validation of the image processing algorithm was done with oxidized soot described in Sediako et al. (2017) . More information on the validation process are shown in the Supplemental Information (SI).
Raman spectroscopy was also used to characterize the internal structure. We used a Renishaw confocal microscope with digital stage, with a laser of a 785 nm point focus and maximum power of 20 mW (1% of power used). The exposure and accumulation time were 1 and 10 s, respectively. Three points for each sample were selected to collect Raman spectra. Before the deconvolution, the raw Raman spectra were smoothed by reducing the noise and then a wavelength range were selected, 500-2000 cm -1 . To facilitate the peak fitting of the first-order Raman bands the baseline signal from the titanium substrate was subtracted. Raman spectra were fitted with an error analysis which employs the Levenberg-Marquardt algorithm. Five main peaks are encountered in the first order Raman spectrum of soot aerosols, as recommended by Sadezky et al. (2005) , and all the peaks were fitted with a Lorentzian curve but the peak D3, which is fitted with a Gaussian curve. More information on the curve fitting is shown in the SI.
Single Particle Elemental Composition
For characterization of morphology and composition of individual particles, a Carl Zeiss LEO 1430 VP field emission SEM with a spatial resolution of 7 nm was used; the device was equipped with an Oxford INCA energy dispersive detector. Energy dispersive X-ray spectra for Z elements (Z ≥ 5) were recorded in an SEM image mode, and the measured X-ray intensity was quantified to the elemental weight percent (wt%) with an accuracy of 0.3 wt%. Samples were studied in high vacuum mode at 10 kV and 1 nA.
The EDX analysis started with the collection of spectra from several areas of Ti foil substrates. No oxygen, metal, or mineral impurities were found, thus providing the background for sampled particle measurements. The analysis area of each sample was subdivided into a few fields to observe possible differences in particle composition. EDX analysis yielded a data matrix containing the weight concentrations for C, O, N, Сa, Al, Si, S, F, Cl, K, Fe, Ni, Na, Mg, and Cr. Approximately 700 to 1000 individual particles were analyzed for each combustion condition, a number considered to be sufficient for a representative overview of elements and particle grouping in each sample (Xie et al., 2005; Chakrabarty et al., 2006; . About 12,000 particles were analyzed in the collected gas flaring samples.
Ambient aerosols affected by a large number of pollution sources are characterized by the internal mixture of carbonaceous matter, salt, and dust. With such complexity in individual particles, cluster analysis may be needed to separate groups of similar chemical composition (Van Borm and Adams, 1988; Popovicheva et al., 2017c) . However, the particles examined in the present study are chemically more homogeneous; so, in this study we used routine statistical analyses of the particle composition. For particle grouping, a data matrix was sorted according to a given element abundance, starting from the most prominent. The group is formed from particles containing the chosen element at the highest amount, but not less than 3 wt%. It was observed that the presence of more than 3 wt% in C-and O-containing particles can change the morphology and the particle type from soot to mineral or salt. This approach was developed to identify particle types generated by different combustion sources.
The chemical characterization described above can be used to estimate the extent of hygroscopicity of particles using the methods developed previously (Popovicheva et al., 2008b; Kireeva et al., 2009) . Particles are categorized as hydrophobic, hydrophilic, and hygroscopic, based on the amount of water uptake compared to reference laboratorymade soot with similar composition. The experimental approach for estimating the water absorbability as well as the concept of water uptake on soot is described elsewhere (Popovicheva et al., 2008a) . For gas flaring soot analyses, a criteria for categorization can be extended using the approach for fossil fuel high-temperature combustion (Popovicheva et al., 2015b) and biomass burning (Popovicheva et al., 2016c) , and utilization of a number of reference soots with known oxygen content. Graphitized soot (GTS) is used to represent hydrophobic adsorbents because of its well-characterized composition free from any impurities and perfect graphitized structure. Other reference soot aerosols were produced by the combustion of gaseous propane/butane fuel in a gas turbine engine combustor. Like flare soot, these particles are composed of agglomerates of roughly spherical primary particles with sizes between 20 and 50 nm with O/C ratio up to 12%. Previously this soot was used as the hygroscopic reference for the analysis of soot produced by diesel and aircraft engines .
Chemical Functionalization
Fourier transform infrared FTIR spectroscopy is used for a deeper analysis of soot chemical structure, based on the phenomenon where particular chemical bond can be vibrated by particular infrared (IR) radiation wavelength. FTIR spectra were collected with an IRPrestige-21 spectrometer (Shimadzu, Japan) in diffuse reflectance mode (DRS) using a ZnSe crystal in the range from 450 to 4000 cm -1 with a resolution of 4 cm -1 . IR Solution software was applied to subtract the FTIR spectrum of blank substrates and correct the baseline absorbance. The range of 750-1250 cm -1 was not considered because of the strong absorption of the quartz filter material itself in this region. To address the possible inhomogeneity of the sample loading, spectra were collected from five different spots of each sample. If four out of five spectra demonstrated the same absorption bands, we considered these bands as the representative spectrum for the entire sample.
The FTIR spectrum is divided into the vibration band regions which are unique for each chemical compound. This process requires an extensive knowledge to identify the functional groups. Because of the possible overlapping of vibration bands, the functionality identification is accomplished through the use of the Shimadzu FTIR database and a set of authentic chemical standards measured in the same FTIR setup (Popovicheva et al., 2015c (Popovicheva et al., , 2017b , and applied in previous studies (Maria et al., 2002; Coury and Dillner, 2009) .
RESULTS AND DISCUSSION
Morphology
Due to high temperatures, the decomposed fuel compounds have the enhanced molecular mobility at the flame front, which leads to formation of the spherical shape of primary particles (Wang, 2011) . The SEM panorama of gas flaring soot shows the agglomerates of ultrafine primary particles containing from a few up to hundreds of spheres ( Fig. 1(a) ). The particle images for all flaring regimes studied outline a lace-like microstructure of chains composed from spherical particles ( Figs. 1(b)-1(c) ), which is a typical fractal-like structure for soot produced by high-temperature combustion (Daly and Horn, 2009 ). Primary particles as discrete spherules are randomly observed. Such multiple-scale topography is that of fractal agglomerate structure that offers a large specific surface area for water adsorption and chemical reactions (Popovitcheva et al., 2000) . High-resolution images of primary particles representative for light-, medium-, and heavy-fuel mixture showed similar structures, independent of flare operating parameters (Fig. 2) . Primary particle size was 30 ± 10 nm, consistent with the more extensive statistical studies reported by Kazemimanesh et al. (2019) . These dimensions are similar to those observed in the emissions of diesel, residual oil, and coal combustion (Chen et al., 2005) , of laboratory burners and jet turbine engine (Demirdjian et al., 2007; Saffaripour et al., 2017) , which indicates a common nature of soot origin in high-temperature combustion. In contrast, the flaming phase of biomass burning produces larger primary particles (~90 nm) as a result of pyrolytic oxidation for particle formation (Popovicheva et al., 2015d) .
Nearly all particles emitted by the flare exhibited the typical fractal aggregate morphology expected for pure soot. This contrasts with emissions from many combustion sources. Solid irregular shapes of round, elongated morphology are frequently observed in engine exhausts contaminated by lubrication oil and engine wear (Popovicheva et al., 2014) , in residual oil fly ashes (Chen et al., 2004) , and in biomass burning due to condensation of potassium sulfates and chlorides evaporated from biomass (Popovicheva et al., 2015d) . Low-temperature biomass burning shows strongly different morphology relating to quasi-spherical and tar particles (Chakrabarty et al., 2006) .
Internal Structure
HRTEM images of gas flaring soot in our study show the curved light and dark lines around several growth centers (Fig. 2) relating to internal structure of small crystallites composed of several parallel planes of carbon atoms arranged in hexagonal arrays. Multiple spherical nuclei surrounded by several graphitic layers indicate that original small nuclei of primary particles coalesced together to form larger particles (Daly and Horn, 2009 ). Fig. 3 shows the trend of fringe length (a) and fringe tortuosity (b) that have been determined for various fuel mixtures. Fringe length and fringe tortuosity were not affected by the fuel mixture composition.
The Raman spectra show the well-known bands of D and G peaks which are a clear signature of disordered and graphitic carbons respectively . Soot is mainly composed of sp 2 -bonded carbon in strained, finite graphene domains, enclosed by sp 3 -bonded amorphous carbon. Gas flaring soot produced at different gas mixtures and operation conditions, collected with both TPS and ESP samplers, shows the G (1595 cm -1 ) and D (1347 cm -1 ) bands attributed to the carbon-carbon stretching vibrations (Fig. 4) . The spectra shown here have not been corrected for the titanium background, and it is apparent that the effect is larger for the samples collected by ESP, possibly because ESP produces a thinner, less uniform deposit with more of the substrate exposed to the laser beam. A more detailed explanation of the Raman spectra deconvolution by five peak types is reported in the SI.
Raman spectra of soot can provide hints on the organic functional groups present in the collected aerosols (Ess et al., 2016) . In the wavelength range between 500 and 2000 cm -1 , the Raman spectra show an increased fluorescence background and an additional shoulder in the spectrum with increasing the organic content (Ess et al., 2016) . For wavenumbers higher than 2000 cm -1 , the organic content appears as a broad peak; this peak can identify oxidized PAHs. In Fig. 4 , for Raman spectra of gas flaring soot, a few cases show a broader peak above the 2000 cm -1 , although no correlation with the fuel mixture, flare velocity, and burner size has been found. Therefore, this broad peak has not been considered in the peak deconvolution.
In order to clarify the relationship between the flare operation conditions and graphitic disorder, Raman peak ratios for various fuel mixtures, D1/G (Fig. 5(a) ), D2/G ( Fig. 5(b) ), D3/G (Fig. 5(c) ), and D4/G ( Fig. 5(d) ), are examined. All bars shown in Fig. 5 are lower for heavier fuel conditions. Thus, heavier fuel mixtures generate soot with a higher disordered carbon content. D1/G, D2/G, D3/G, and D4/G all decreases with an increase of the higher heating value of the fuel mixture. The peak deconvolution has been strengthened by subtracting the titanium substrate spectrum rather than using a linear baseline subtraction. Using only a linear baseline subtraction, the D/G ratios from the ESP samples were consistently very low relative to those from the TPS (Fig. 5 ). Using the Ti subtraction, the ratios for the ESP samples approach those of the TPS samples, but are still slightly lower. A reason considered was the effect of the corona discharge used in the ESP; a previous literature reference shows the impact of ozone emitted by the corona discharge to the soot crystallinity (Kuroki et al., 2010) . Therefore, soot aerosols collected with a TPS were placed in an active ESP collector though which filtered air was passed. No major changes in any peak ratios have been found, showing that the corona discharge does not have any effect on the results, and any difference between the TPS and ESP samples should be attributed to the imperfect (though improved) baseline correction method. D1/G, D2/G, D3/G, and D4/G all decreases with an increase in the higher heating value of the fuel mixture, Fig. 5 . Thus, as concluded by Kazeminanesh et al. (2019) , heavier fuel mixtures generate higher graphitic soot. However, the results shown in Kazemimanesh et al. (2019) are obtained using the less sophisticated baseline subtraction applied only to the TPS samples. Here, the peak deconvolution has been strengthened by subtracting the titanium substrate spectra, bringing the results for the ESP samples and TPS samples into agreement. All the Raman spectra have been achieved by averaging three points from the same sample. The fuel mixtures, M6, L6, and H6, have been described in Table 1 . The second number in the legend refers to the velocity at the burner exit of the flare, while the last number relates to the burner size.
Single Particle Composition and Hygroscopicity
The composition of individual gas flaring particles varied widely although carbon was (unsurprisingly) dominant. Fig. 6 shows the percentage of particles (out of 700-1000 particles per condition) containing the given elements. Nearly all particles contained carbon, but many also contained oxygen. The number of particles containing Fe, Cl, Al, Si, F, Cu, Mn, Co, Cr, V, and Ni was far lower and less consistent (Fig. 6) . In up to 5% of particles, Al is found together with Si, relating to composition of aluminosilicates in dust existing in background air during combustion experiments (Popovicheva et al., 2015d) . Fe is present in a small percentage of particles produced at any fuel composition; it may be derived from the nozzle material due to flame impingement events or ambient dust. There is no correlation between the impurity abundance and combustion regime found for all nozzle diameters (for 5.1 cm chosen for Fig. 6 and for others) . Fig. 7 shows the average weight percent of elements in individual particles produced by flaring using L6, M6, and H6 fuel mixtures; 0.5, 0.9, and 1.5 m s -1 exit velocities; and 5.1 cm nozzle diameter. The most prominent feature is that carbon is dominant in the range from 79.6 up to 99.3 wt%. Such comparably high C content was observed in ambient aerosols exclusively during high smoke period of intensive biomass burning (Popovicheva et al., 2016a) .
Oxygen is present at ~1% to 6.2% over the range of conditions, and there is no consistent trend with flare conditions. Significant variation is observed for the averaged weight composition of impurities in soot particles that confirms the occasional character of appearance of elements different from C and O, either from the nozzle or dust in ambient air. The analysis of the element abundance over particles and of the weight percentage of each element in a whole range of regimes studied shows a higher frequency of impurity elements in samples collected by the ESP sampler. Since the collection time of ESP was significantly less than that of the TPS, we assume that TSP samples better represent the emission time and contaminations averaged over time. Therefore, the subsequent plots only include data from the TPS. Table 2 presents four groups: "Elemental carbon," "Oxidized soot," "Al-Si-rich," and "Fe-rich" found for L6, M6, and H6 fuel mixtures; 0.5, 0.9, and 1.5 m s -1 exit velocities; and 5.1 cm nozzle diameter. Percentage of particles in each group (abundance) is shown in Fig. 8(a) . Group "Elemental carbon" dominates and represents from 86% to 97% of particles. This group is composed of C only. Such group was found in laboratory-produced hydrocarbon soot , in the exhaust of modern internal combustion engines using diesel and biofuel (Popovicheva et al., 2015a) , and in flaming of pine wood (Popovicheva et al., 2015d) but at the significantly less abundance.
All particles that contain both C and O, with less than 3 wt% of other elements, are placed in the group "Oxidized soot." This differs somewhat from results in previous studies of laboratory flame soot where measurable amounts of oxygen were present in a large fraction of the soot particles (Clague et al., 1999; Bladt et al., 2012) . In diesel/biofuel exhaust, this group approaches up to 50% of all particles (Popovicheva et al., 2015a) . For the flare particles, large levels of oxygen are concentrated in a small number of particles. Oxygen is concentrated in particles contained in the group "Oxidized soot" at much higher weight percent; however, this group shows a low abundance, just 3-5% ( Fig. 8(a) ).
Approximately 1-5% of particles are in the group "Al-Sirich" (Fig. 8(a) ). Around half of this group contains both Al and Si in aluminosilicates; the other half is rich in either Si Table 1 . Orange and purple bars show the Raman peak ratios of soot aerosols collected using a thermophoresis particle collector (TPS) and an electrostatic precipitator (ESP), respectively; green bars show the Raman peak ratios of soot aerosols collected using a TPS and by using in the deconvolution process the subtraction of the signal of samples substrate, which is titanium; the yellow bars show Raman peak ratios of soot aerosols collected by an ESP and by using in the deconvolution process the subtraction of the titanium signal; the blue bars show the Raman peaks of soot aerosols collected by a TPS and subsequently placed under an active ESP.
or Al. The appearance of group "Fe-rich" is not regular; it is observed for L6 and H6 fuel mixtures ( Table 2 ). The weight percent of Fe in this group is high: 34-71%, in some cases associated with Cr and Ni, suggesting the presence of stainless steel. The flare nozzle might be the source of this, but ambient contamination cannot be ruled out. The preceding particle characteristics can be used to determine the hygroscopicity of the samples (Koehler et al., 2009; Petters et al., 2009; Carrico et al., 2010) . Three fractions of different elemental composition are separated. The group "Elemental carbon" and "Oxidized soot" comprise the С and С-O fraction, respectively, while the C-O-Al-Si-Fe fraction is composed from both "Al-Si-rich" and "Fe-rich" of mineral impurities.
Negligible water absorption on GTS soot of 100% carbon composition observed in Popovicheva et al. (2010) shows the extreme hydrophobic (PHO) character of particles in the group "Elemental carbon." A propane/butane combustor soot with an O/C higher than 12% is the reference criterion for soot hygroscopicity of particles in the C-O fraction . The case of O wt% lower than 12 relates to hydrophilic (PHI) particles. However, since in gas flaring particles of our study this case is not present, the group "Oxidized soot" should be addressed to a hygroscopic (SCOP) character. The "C-O-Al-Si-Fe fraction is composed of particles with no soluble elements like sulfur and potassium which were found in diesel exhaust and biomass burning and could be able to change the particle hygroscopicity significantly (Popovicheva et al., 2015b (Popovicheva et al., , 2016c . However, the O/C ratio in the group "Al-Si-rich" and "Fe-rich" ranges from 20% to 50%; therefore, particles in the C-O-Al-Si-Fe fraction can behave as SCOP. Hydrophobic and hygroscopic particles compose from 79.6% to 99.3% and from 3% to 13%, respectively.
Hydrophobic particles in gas flaring dominate over hygroscopic ones. For comparison, soot particles collected behind an aircraft turbine, diesel, and ship engines were assigned into three fractions, C-O, C-O-S, and Fe-C-O Popovicheva et al., 2015b) . ~41% of particles from truck diesel engines were found to be hydrophobic and 54% of them were separated into hydrophilic and hygroscopic because of oxygenated emissions containing water-soluble compounds (sulfates). Thus, because of more water-soluble impurities and a relatively homogeneous distribution of oxygen over particles, engine emissions are characterized by a higher extent of hygroscopicity.
Chemical Functionalization
Infrared spectra of the soot samples are shown in Fig. 9 .
The most prominent bands of aromatic C=C and aliphatic C-C-H groups are as expected. The vibrations at 1589 cm -1 can be attributed to C=C stretching either in aromatic compounds or to microcrystalline structure of soot particles due to its polyaromatic character (Akhter et al., 1985; Fanning and Vannice, 1993) . In both cases, the IR-inactive C=C mode should be augmented by either sufficient asymmetry of the carbon material polyaromatic structure (e.g., by defects) or the presence of oxygen (Starsinic et al., 1983) . The growth of this band is due to oxidation of carbons and was observed in Fanning and Vannice (1993) . It was related to carbonyl group conjugated with aromatic segments (Sauvain and Rossi, 2016) . Carbonyl (C=O) groups appear in gas flaring soot in many of the samples (Fig. 9) . Bands peaked at 1807 and 1651 cm -1 are associated to anhydrides and aldehydes, respectively. Carboxyl [COO] and C=O groups represent functionalities at 1668 and 1717 cm -1 in carboxylic acids and ketones. О-containing functionalities as a part of chemical structure make it hydrophilic, thus aiding absorption sites for water molecules (Kuznetsov et al., 2003) . Their identification significantly improves the association between soot physiochemistry and CCN formation (Koehler et al., 2009) . The prominent band at 1589 cm -1 in all samples indicates the similar chemical structure of gas flaring-produced particles, related to aromatic ring stretching mode enhanced in intensity by O-containing functional groups. Aromatic-NO 2 groups (1484 cm -1 ) indicate the presence of oxy-nitrogen compounds. The second prominent IR feature of aliphatic C-C-H vibrations in alkanes is observed at 2920 and 2860 cm -1 (Fig. 9 ). These two frequencies are associated with the strong asymmetric and symmetric stretches of methylene (CH 2 ) groups, respectively. An asymmetric stretch of methyl (CH 3 ) groups is randomly found at 2950 cm -1 as a weak shoulder of the stronger CH 2 asymmetric stretch. The presence of the C-H stretching in aliphatic groups can come from methylene groups bonded to aromatic rings on PAHs or methylene bridges (fluorine type) maintaining the interconnection of PAHs within graphitic structure (Santamaría et al., 2006) . Gas flaring particle structure demonstrates many graphitic cores surrounded by heterogeneous layers of shells spreading over the surface which could be produced from aliphatic components. For the tested conditions, various aliphatic to aromatic C-H ratios do not show any relations Fig. 8 . Abundance of particles in Group "Elemental carbon" (EC), "Oxidized soot", "Al-Si-rich", "F-rich". and "Fe-rich" for L6, M6, H6, MB fuel mixtures and (a) exit velocities (V = 0.5, 0.9, 1.5 m s -1 ) at nozzle diameter d = 5.1 cm, and (b) V = 0.9 at nozzle diameter (3.8, 7.6 cm). Particles are collected by TPS sampler. . 9 . FTIR spectra of gas flaring soot at various fuel mixture and operation conditions, described in Tables 1 and 2. Functionalities and band peaks are indicated. or correlations with fuel mixture composition or operation conditions. This indicates a strong impact of gas-particle condensation of unburned volatiles released during the cooling and dispersion process on the chemical structure of particles collected from turbulent flame in a dilution tunnel. Small metal impurities observed in gas flaring particles can hardly influence the structure; a change of surface chemistry was observed in soot with Fe content more than 24% .
In diesel soot aerosols, the aliphatic C-C-H always accompanies aromatic C=C functionalities demonstrating the basic chemical functionalized structure of hightemperature combustion particulates. C=C vibrations are found in diesel particles produced by off-road diesel engines (Popovicheva et al., 2015c) and by modern on-road heavyduty engine using diesel and biofuels (Lapuerta et al., 2016; Popovicheva et al., 2017b) . The impact of rapeseed oil as a fuel on the particle surface chemistry is indicated by C=O groups (1705-1776 cm -1 ) in oxygenated compounds, in good agreement with observations of functionalities of biofuel particles emitted by an Opel Astra diesel engine (Popovicheva et al., 2014) . Biomass pyrolysis is known to produce significant proportions of organic acids, phenol derivatives, and sugar derivatives, all of which are present in biomass smoke (Fitzpatrick et al., 2007; Popovicheva et al., 2016b) .
CONCLUSIONS
We analyzed the gas flaring particulate emissions of a laboratory turbulent-buoyant jet diffusion flame, comparable in size to a small industrial flare and representative of flares in the upstream oil industry, while varying the sixcomponent methane-based fuel, the inner diameter of the burner, and the exit velocity.
The morphology of the emitted soot was characterized by fractal chains of agglomerates containing 30 ± 10 nm primary particles with fullerenic multiple nuclei surrounded by several graphitic layers-a clear signature of carbon-carbon stretching vibrations generated by polyaromatic rings of small graphitic crystallites. Furthermore, the ratio of disordered to ordered carbon decreased as the heating value of the fuel mixture increased. Fuel combustion processes and interaction with oxidized products yielded aliphatic C-C-H groups combined with aromatic C=C enhanced by oxygenated C=O and O-H functionalities. The high number of aliphatic C-H groups is related to aliphatic shells extending over graphitic cores, indicating a combination of soot growth and the adsorption of volatiles on the particle surface during the cooling and dispersion of the exhaust.
The analysis of the composition of individual particles revealed an abundance of elemental carbon along with smaller amounts of oxidized soot, which is common with gas flaring due to high amounts of oxygen being concentrated in a small percentage of particles. Groups of impurities (dust aluminosilicates and iron oxide) were also produced irregularly at low levels. The presence of Fe in addition to Ni and Cr in the group "Fe-rich" indicated the possible consumption of oxygen due to the interaction between metal and carbon, the evaporation of burner inlet materials, and the catalytic oxidation process.
Once released into the atmosphere, gas flaring particles produced by pure fuel gas possess a large surface area for water adsorption. Quantifying the water uptake in our experiment revealed low hygroscopicity for particles emitted by small industrial flares fueled by a low hydrocarbon gas mixture. However, smoke enriched by oxygenated organic constituents in certain particles can act as efficient cloud condensation nuclei and sites for chemical reactions in the atmosphere. Therefore, further improvements in measuring gas-flaring emissions containing inorganic contaminants and environmentally dangerous compounds are necessary.
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